Abstract The mass transfer rate (k L a) is one of the most important parameters in the ozonation of wastewater, because it frequently constitutes the rate-determining step. This study investigated the influence of k L a on the ozonation of glass fiber wastewater using a high-performance jet loop reactor (HJLR), which is well known for its high mass transfer property, and compared the results of this investigation with those obtained using the bubble column reactor. It was found that the higher k L a achieved by increasing the energy input did not lead to higher ozonation efficiency, since the reaction involving the OH radical was greatly hindered at the low pH produced as a result of ozonation. By maintaining the pH at a value greater than 8.0, the higher k L a in the HJLR reactor contributed to increasing not only the TOC removal of wastewater, but also the ozone consumption efficiency, as expressed by the specific ozone consumption. The specific ozone consumption in the HJLR reactor (7.1 g ozone/ g TOC) was 20% better than that in the bubble column reactor.
Introduction
Ozone mass transfer is regarded as one of the most important steps in the ozonation of wastewater. The rate-determining step is very often the ozone transfer from the gas phase into the water (Weichgrebe and Vogelpohl, 1994; Shu and Huang, 1995; Beltrán et al., 1999; Lee et al., 2003) . Effective ozonation is crucial to improving the biodegradability and oxidation of the non-biodegradable and refractory organics. Although many studies on ozonation have been done involving the newly designed ozone contactors, in which it is possible to attain a high mass transfer rate (Lee et al., 1999; El-Din and Smith, 2001; Biń et al., 2001) , it is still not known to what extent increasing the mass transfer rate improves the ozonation efficiency of wastewater treatment. In this study, we attempted to investigate the direct influence of the mass transfer rate on the ozonation of wastewater with a high-performance jet loop reactor (HJLR) in comparison with a bubble column reactor. The ozonation efficiency as measured in terms of the energy consumption, and the extent of organic removal were compared in consideration of mass transfer rates in both reactors.
Methods
To investigate the influence of the mass transfer rate on the ozonation efficiency, the effect of varying the mass transfer rate in an HJLR reactor was compared with that in a bubble column reactor. Figure 1 shows a schematic diagram of these two kinds of ozone reactors. The HJLR reactor is well-known for its high mass transfer rate of oxygen, which is achieved by the two types of dispersion (primary and secondary) generated by the jet stream of the nozzle (Wachsmann et al., 1984) . The HJLR reactor and bubble column reactor were both made of acrylic glass with an identical volume (15 L) and diameter. All fittings and tubes were prepared from Teflon ® and Viton ® . Ozone-gas produced from pure oxygen by an ozone generator (SORBIOS GSF 50.2, capacity 50 g⋅hr -1 ) was directly injected into the jet nozzle of the HJLR, and into a line-type diffuser (pore size = 2 µm) of the bubble column reactor. The ozone-gas concentrations at both the input and output of the reactor were simultaneously monitored with two ozone gas analyzers, in order to calculate the ozone utilization ratio, which is the % ratio of the amount of ozone consumed during the oxidation of wastewater to that of the ozone supply ( η T =(m i -m o )/m i × 100).
The energy (E/V R ) dissipated by the jet nozzle of the HJLR reactor in the liquid phase was obtained from the equation (E/V R = Q L (ρ v 2 /2)). The oxygen transfer rate (k L a, O2 ) calculated using the relation ln(C * -C O2 )/(C * -C O2,0 ) was utilized instead of the ozone transfer rate (k L a, O3 ). This was done for experimental convenience and was justified by the close correlation between the ozone transfer rate and the oxygen transfer rate. All of the experimental runs made to determine k L a as a function of the energy input and gas flow rate were carried out in duplicate at a temperature of 20 ± 1°C. The wastewater chosen for this study was obtained from the glass fiber industry. It has a high-reddish color and contains a high concentration of phenolics and aldehydes, representing a high degree of non-biodegradability (BOD 5 /COD ≤ 0.2). Samples were periodically taken during ozonation for the analysis of the total organic carbon (TOC), and chemical oxygen demand (COD). pH was continuously monitored by a pH meter installed in the reactors. TOC was measured by means of a TOC analyzer (Shimadzu, 5000). The dichromate standard method was used for the measurement of the COD.
Results and discussion
Influence of mass transfer rate (k L a, O2 ) on the ozonation process as a function of the reactor type Table 1 shows the mass transfer rates of oxygen under the standard operating conditions of the HJLR reactor and the bubble column reactor. As expected, the mass transfer rates in the HJLR reactor were much higher than those in the bubble column reactor. Figures 2 and 3 show the TOC removal rate, the change of ozone concentration in the off-gas and the pH in Figure 1 Schematic diagram of HJLR reactor and bubble column reactor both reactors, respectively. As shown in Figure 2 , the TOC performance of the HJLR reactor was much better than that of the bubble column reactor, and this was mainly because of its high mass transfer rate. Two observations can be made from the results of Figure 3 . First, the reduction in pH of the wastewater caused by ozonation was significant, regardless of the reactor type and the energy input, dropping from pH 8.0 to 3.3. Second, the ozone utilization in the HJLR reactor was much more efficient, since the ozone concentration in the offgas was always smaller than that in the bubble column reactor. The ozone utilizations at the two energy input levels in the HJLR reactor (0.52 and 1.0 kW⋅m -3 ) were 86% and 92%, respectively. While, the ozone utilization in the bubble column reactor was only 71%. The HJLR reactor required 7.9-8.3 g ozone to remove 1 g TOC, whereas the bubble column reactor required 10.7 g ozone to remove 1 g TOC. This higher ozone utilization in the HJLR reactor can be explained by the longer residence time of the ozone gas, due to the loop circulation flow in the HJLR reactor. However, as shown in Figure 2 and Table 1 , it is interesting to note that the higher mass transfer rate in the HJLR reactor, which was attained at the higher energy input level (E/V R = 1.0 kW⋅m -3 ), did not produce better TOC removal.
Effect of pH on the ozonation of the wastewater
As shown in Figure 3 , the pH drop during ozonation was significant. In order to investigate the influence of the pH on the ozonation of the glass fiber wastewater at the energy level of 1.0 kW⋅m -3 , an experiment was performed in which the pH was maintained at around pH 8-9 during the ozonation process by adding 3 N NaOH. Figures 4 and 5 show the TOC removal rate and the concentration of ozone in the off-gas when the pH of the wastewater was maintained at a minimum value of 8.0. The TOC removal rate and concentration of ozone in the off-gas without pH adjustment, which were shown in Figures 4 and 5 show the improved TOC removal rate and higher ozone utilization which were obtained when the pH was maintained above 8.0. As can be seen by observing the low ozone concentration in the off-gas in Figure 5 , the ozone utilization was increased from 86% to 97%. The ozone specific consumption in the HJLR reactor with pH adjustment was found to be 7.1 g ozone/g TOC. The reason for the improved performance in the HJLR reactor with pH adjustment is the increased formation of OH radicals at higher pH. This observation was further supported by the even better TOC removal rate which was obtained when hydrogen peroxide was added during ozonation (Figure 4) . Since the higher k L a which was produced by the higher energy input did not improve the efficiency of the ozonation process in the treatment of glass fiber wastewater, increasing the mass transfer rate by increasing the energy input of the HJLR reactor should be carefully considered by taking into account the ozonation characteristics of wastewater.
Conclusions
This study reports on the influence of k L a on the ozonation of glass fiber wastewater using two different types of reactor (HJLR reactor and bubble column reactor). It was found that the higher k L a which was obtained by increasing the energy input did not improve the ozonation efficiency, since the reaction involving the OH radical was greatly hindered at the low pH produced as a result of the ozonation process. By maintaining the pH above 8.0, higher ozone utilization was obtained without changing the mass transfer rate. The specific ozone consumption (7.1 g ozone/g TOC) for TOC removal in the HJLR reactor was 20% better than that in the bubble column reactor. The HJLR reactor achieved an ozone utilization ratio of more than 86%, and a maximum ratio of up to 97%, whereas the Bubble column reactor did not achieve more than 74%, even in the presence of H 2 O 2 or in the case of pH control. 
